The pathways of mitochondrial DNA (mtDNA) evolution are obscured by the extraordinary diversity in size, gene content, gene arrangement, and mode of expression of characterized mitochondrial genomes (l-3). For this reason, a comparison of mtDNAs in animals (4), plants (5), and fungi (6, 7) leads to few conclusions about the evolutionary pressures and mechanisms by which the mitochondrial genome has become so different in these multicellular eukaryotic lineages, or about the form and gene content of the mtDNA ancestor (proto-mitochondrial genome). Not only do the mitochondrial genomes in multicellular eukaryotes, especially animals and fungi, appear to be highly derived, but these lineages represent relatively recently evolved, terminal branches in the eukaryotic phylogenetic tree. Hence, the multicellular eukaryotes are likely to give us a highly biased picture of the mitochondrial genome and its evolution. To provide a phylogenetically more representative sampling of mitochondrial genome structure, it is necessary to examine mtDNA in a diversity of protists (primarily unicellular eukaryotes), a vast assemblage that comprises most of the evolutionary diversity of the eukaryotic lineage (8). Among the questions that a comprehensive and systematic comparative study of protist mtDNAs will better address are the following: Did the mitochondrial genome arise only once (monophyletic origin) or more than once (polyphyletic origin)? How was (were) the ancestral proto-mitochondrial In 1992, the Organelle Genome Megasequencing Program (OGMP) was initiated as a consortium of seven investigators from four eastern Canadian universities, having as one of its goals the complete sequencing of mitochondrial genomes from a wide range of protists. The experimental arm of the OGMP is a centralized sequencing facility (Sequencing Unit) located at the University of Montreal. The Unit comprises a Molecular Biology Division, within which sequences are determined and analyzed, and an Informatics Division, which develops informatics tools to aid in all aspects of sequence determination and analysis. To date, the OGMP has determined and analyzed 11 complete protist mtDNA sequences, with 3 additional mtDNA sequencing projects nearing completion. The accumulating data (representing >750,000 bp of finished sequence so far) are providing new insights into the questions raised above.
Gene content and genome organization in protist mitochondrial DNAs
To date, detailed descriptions of three protist mtDNAs sequenced by the OGMP have been published, representing a chlorophyte alga, Prototheca wickerhamii (9, 10); an amoeboid protozoon, Acanthamoeba castellanii (11); and a jakobid flagellate, Reclinomonas americana (12). For the other protist mtDNA sequencing projects, individual de-scriptions summarizing salient features of gene content, organization, and expression are available through the OGMP website (see below). Sequence data generated for protist mtDNAs by the OGMP and other groups have been compiled and reviewed in detail elsewhere (13). Among the findings and conclusions to emerge from this work are the following:
1. By and large, protist mtDNAs are A + T-rich genomes (usually >70%) with a median size of around 40 kbp. Typically, they are compactly organized, gene-rich, circular-mapping genomes with few, or no, large noncoding regions. Intergenic spacers usually account for less than 10% of the mtDNA, with coding regions often overlapping. 2. In general, protist mtDNAs encode substantially more genes than do animal and fungal mtDNAs. Additional genes that are widely found in protist mtDNAs include ones specifying extra subunits of respiratory complexes I (nad) and V (alp) and both large subunit and small subunit ribosomal proteins (rpl and rps, respectively). Animal and fungal mtDNAs completely, or almost completely (14), lack genes for ribosomal proteins. Animal mitochondrial genomes, in particular, appear to be exquisitely condensed versions of a much larger, protist-like progenitor. 3. In overall gene content, protist mtDNAs more closely resemble the much larger mitochondrial genomes of land plants. Genes shared between plant and protist mtDNAs include not only those that are absent from animal and fungal mtDNAs (noted above), but occasionally also genes encoding subunits of complex II (s&z; ref. 15) and 5s rRNA (rrn5; ref. 16) . In spite of their larger size, plant mtDNAs do not encode substantially more genes than protist mtDNAs (13). In marked contrast to their animal counterparts, land plant mtDNAs appear to have expanded considerably in size, mostly through the acquisition of large amounts of noncoding spacer DNA. 4. Typically, the ribosomal and transfer RNAs encoded by protist mtDNAs are strikingly eubacteria-like in their secondary structures, lacking the anomalous features found in their fungal and particularly animal mitochondrial counterparts. Although a few protist mitochondrial genomes encode a minimal set of tRNA species that is sufficient to recognize all codons found in protein-coding genes, most do not (13). In these cases, the import of nucleus-encoded, cytosolic tRNAs into the mitochondria is assumed to make up the deficit. 5. At least half of the protist mtDNAs examined appear to use the standard genetic code, as does the plant mitochondrial genome. In the remaining protist mtDNAs, the codon UGA is used to specify tryptophan rather than termination. Phylogenetic considerations strongly indicate that this codon change has occurred independently in several branches of the eukaryotic tree during mitochondrial genome evolution. 6. Introns, either group I or group II, are conspicuously rare in protist mitochondrial genomes. Several protist mtDNAs lack introns entirely. Where introns are present, the evidence suggests that a number of them have been acquired by means of horizontal transfer events, rather than being inherited vertically from the proto-mitochondrial genome. 7. Aspects of protist mitochondrial gene content, primary and secondary structure, gene organization, and gene expression also serve to emphasize the underlying eubacterial character of the mitochondrial genome, reinforcing the theory that mitochondria originated in evolution from eubacteria-like symbionts. Mitochondrion-specific patterns of gene organization strongly support a single (monophyletic) origin of the mitochondrial genome. 8. Although some of the protist mtDNAs initially examined (e.g., those of the green alga Chlamydomonas reinhardtii and the apicomplexan Plasmodium fulciparum, the human malaria parasite) proved to have a very unusual-indeed bizarre-structure, subsequent work by the OGMP and other groups has indicated that these mtDNAs are likely to be highly derived. In fact, the most ancestral (least derived) mitochondrial genomes are to be found among the protists, particularly in free-living species whose mtDNA has not undergone the dramatic re-tailoring suffered by its counterpart in many parasites. 9. The most ancestral mitochondrial genome so far described, that of Reclinomonas americana (12), resembles nothing so much as a miniaturized eubacterial genome. In addition to encoding 5s and RNase P RNAs that are eubacteria-like in primary and secondary structure, R. americana mtDNA contains a set of genes never before found in mtDNA. Among the most intriguing are genes (rpoA-D) encoding a eubacteria-like (a,,P'a) RNA polymerase. This finding raises intriguing questions about the evolution of the mitochondrial transcription system (17, 18), because a single-subunit, nucleus-encoded, bacteriophage T3/T7-like enzyme functions as the mitochondrial RNA polymerase in other eukaryotes (see, e.g., ref. 19) .
Future prospects and on-line access to the OGMP Sequencing of protist mtDNAs is continuing in the OGMP, with the current emphasis on identification of fur- In all other mitochondrial DNAs, the ribosomal protein genes are a subset of the Reclinomenus ones.
MARGULIS: Is there no possibility of molecular convergence?
GRAY: I would say that the number of characters that we are starting to accumulate makes it very difficult to see how independent reduction of much larger genomes could converge on these multiple specific patterns, which include not only gene content but also specific losses of ribosomal protein genes within a large operon. It depends on your viewpoint. How easy or difficult is it to converge on this kind of pattern? I think it is probably difficult if you assume that various gene losses are independent events-that all of those genes didn't move at the same time. Even if they did, the same set would have had to have been selected for retention each time.
MARGUUS:
Is it a question of relentless selection?
GRAY: This is looking at it with the idea that there is probably no good reason why those particular genes were lost.
CAVAUBR-SMITH:
The Reclinomonas ribosomal RNA sequence isn't deep, unlike the Nuegleria one, but the depth of the Nuegkriu one on the ribosomal RNA tree is not supported by any currently available protein data. It could well be that at least all of the mitochondria-containing eukaryotes are simply a star phylogeny. If we look at it in that way, and also realize that the divergence of the plastid-containing groups is part of that star-like phylogeny, then we could say that possibly the serial endosymbiosis theory is wrong, and that there was, instead, a simultaneous symbiotic origin of mitochondria chloroplasts and, as I have argued, peroxisomes.
GRAY: The issue is, if Reclinomonus and the jakobids are deep, where is the crown radiation relative to the origin of the eukaryotes? Are these two points really far apart in time, or are they relatively close together? It could well be that all of these symbiotic events happened, if not simultaneously, then very close together in time.
KATZ: It is hard to evaluate the trees without any knowledge of the alignment and phylogenetic algorithms that you are using. What algorithms were you using for the trees that were uniting the Reclinomonas with the land plants'? Were those relationships robust if you tried other phylogenetic methods?
GRAY: The tree was generated from a sequence alignment based on secondary structure, so that conserved regions were selected from complete ribosomal RNA sequences. The data set comprises about 290 eubacterial or organellar sequences, so what I showed was simply the alpha-proteobacterial branch of a much larger assemblage. The tree is a neighbor-joining one, and this particular example wasn't bootstrapped. I don't place any great significance on a mitochondrial small subunit ribosomal RNA tree because we've had this artifact (plants separate from other eukaryotes) for many years now. Because the tree represents the first time that we have found an organism (i.e., Reclinomonns) that goes together with land plants, I offer it simply as an illustration of what I think is happening here.
LANDWEBER:
Do maximum likelihood and parsimony give you the same result'? GRAY: We haven't applied these methods to this particular data set.
JEFF PAI.MER:
I'd like to respond to something Tom (CavalierSmith) said about possible simultaneous origin of chloroplasts and mitochondria. If that were the case, then a number of eukaryotes would have lost their chloroplasts entirely, which is reasonable; but it becomes less and less likely when we look at fully sequenced genomes such as those of yeast and C. &guns. If chloroplast loss had occurred in these organisms, and there had been substantial transfer of chloroplast-derived genes to the nucleus in the common ancestor of these groups, you should find nuclear genes of chloroplast origin in yeast and C. eleguas, and there don't seem to be any.
CAVALIER-SMITH:
In my presentation, I had chloroplasts originating a bit after the primary divergence of plants from the ancestor of animals and fungi, but I still wonder whether we can really be sure about what things might be retained after chloroplast loss.
